Spruce (Picea abies L.) trees from the same clone were supplied with different, but low, amounts of plant available sulfate in the soil (9.7-18.1 milligrams per 100 grams of soil). Branches attached to the trees were enclosed in a dynamic gas exchange cuvette and analyzed for the emission of volatile sulfur compounds. Independent of the sulfate supply in the soil, H2S was the predominant reduced sulfur compound continuously emitted from the branches with high rates during the day and low rates in the night. In the light, as well as in the dark, the rates of H2S emission increased exponentially with increasing water vapor flux from the needles. Approximately 1 nanomole of H2S was found to be emitted per mole of water. When stomata were closed completely, only minute emission of H2S was observed. Apparently, H2S emission from the needles is highly dependent on stromatal aperture, and permeation through the cuticle is negligible. In several experiments, small amounts of dimethylsulfide and carbonylsulfide were also detected in a portion of the samples. However, SO2 was the only sulfur compound consistently emitted from branches of spruce trees in addition to H2S. Emission of S02 mainly proceeded via an outburst starting before the beginning of the light period. The total amount of SO2 emitted from the needles during this outburst was correlated with the plant available sulfate in the soil. The diurnal changes in sulfur metabolism that may result in an outburst of SO2 are discussed.
Numerous laboratory experiments with cut branches, detached leaves, leaf discs, or tissue cultures have shown that green cells of higher plants can release volatile sulfur compounds into the atmosphere (6, 14, 16, 17) . Volatile sulfur compounds were produced by plant cells exposed to an excess of sulfur (6, 16) . In response to the uptake of sulfate, S02, Land D-cysteine, H2S was found to be emitted (6, 17) ; in response to S-methyl-L-cysteine, L-and D-methionine, emission of methyl mercaptan was observed (18) . From these observations, it has been suggested that emission of volatile sulfur by plants may be a regulatory device to get rid of an excess of sulfur taken up by the roots or by the leaves (6, 16) . ' Supported by the Deutsche Forschungsgemeinschaft (DFG) Whole plant studies in the laboratory and in the field have confirmed this assumption (6, 17) . H2S was emitted in significant amounts by attached leaves of Geranium plants and needles of pine trees exposed to a S02-containing atmosphere (1 1, 19) ; the same sulfur compound was found to be released by soybean plants and yellow poplar trees when additional sulfate was offered to the roots (8, 20) . In leaf chamber studies with charcoal/Purafil-filtered air, volatile sulfur was also released in small amounts from several crops growing in the field without addition of sulfur-containing fertilizers (6) . The amount of volatile sulfur emitted was considerably higher in the light than in the dark. But even in the light, emissions were too small to enable identification of the chemical nature of individual compounds by the GC system available to the authors. These observations indicate that volatile sulfur compounds may be emitted by plants also in the absence ofexcess atmospheric or pedospheric sulfur. The present experiments with spruce trees were performed to test this assumption, to identify the compounds emitted, and to obtain information on the factors modulating the emission of sulfur compounds under these conditions.
MATERIALS AND METHODS Plant Material
The experiments were performed during October 1988 with 6 yr old Norway spruce trees from the same clone (Picea abies L. Karst., cv Vorallgauer Fichte). determined by optical measurements with an area meter (Delta-T Devices Ltd., Cambridge, UK) connected to a video camera (TC2000, RCA, Lancaster, PA). From these measurements, the surface area of the needles was calculated by multiplication with the factor 2.65 (15) .
RESULTS
Branches of spruce trees were enclosed in a dynamic gas exchange cuvette. Transpiration and CO2 fixation rates determined under these conditions (Table I) were consistent with those reported for spruce by other authors (2, 13). The branches enclosed continuously emitted hydrogen sulfide into the atmosphere during the day and in the night (Table I) . In several experiments, trace amounts of dimethylsulfide and carbonylsulfide were also detected in some of the samples; emission of carbon disulfide, methyl mercaptan, or dimethyldisulfide was not observed (data not shown). For an individual plant, the rates of emission of H2S in the light were considerably higher than those in dark, suggesting that lightdependent and light-independent processes may contribute to the emission of H2S from spruce needles (Table I) . However, the rapid light/dark or dark/light transitions performed did not result in rapid changes in the rate of H2S emission; several hours were needed before a constantly enhanced/reduced rate of emission was determined (Fig. 1) .
When light and dark emissions of H2S from different plants were compared, dark emissions from some plants were found to be higher than light emissions from other plants. This observation can be explained by differences in transpiration between trees, as the rate of emission of H2S increased exponentially with transpiration ( Fig. 2) transpiration suggests that small amounts of this sulfur compound may also be emitted via the cuticle when the stomata are closed (Fig. 2) . In experiments performed with different spruce trees from the same clone, the sulfate available in the soils differed by a factor of two; soil pH and total nitrogen contents of the soils were similar. Still, H2S emission was not dependent on the sulfate available in the soil, and the total sulfur content of the needles was similar in all the trees studied (Table II) . These findings may be explained by the relatively low sulfate content of all the soils studied (7).
S02 was the only volatile sulfur compound consistently found to be emitted from branches of spruce trees in addition to H2S (Fig. 3) . High emissions of S02 were observed only early in the morning; SO2 emission usually started shortly before the beginning of the light period and continued for 2 to 3 h. During other times of the day or the night, S02 was only sporadically emitted in minor amounts. The outburst of SO2 in the morning was compared between trees supplied with different sulfate contents in the soil (Table II) . Although the sulfur contents of the needles were similar, the total amount of S02 emitted early in the morning increased with increasing amounts of sulfate available in the soil. DISCUSSION H2S emission by higher plants has previously been observed in response to an excess sulfur supply to the roots or to the leaves (16, 17) . The present experiments with spruce trees show that H2S is also emitted in the absence of significant atmospheric sulfur at low sulfate contents in the soil. Therefore, emission of volatile sulfur compounds from vegetation may be of higher significance in the global biogeochemical cycle of sulfur than previously assumed (1) . Dimethylsulfide, found to be emitted from several crop species in the absence of excess sulfur (5, 10, 12), was not released in significant amounts from needles of spruce trees. H2S emission from needles of spruce trees was observed in the light and in the dark, indicating a participation of light-dependent and lightindependent processes, e.g. sulfate reduction and cysteine desulfhydration (17) . This conclusion is consistent with the finding that for the individual tree the rates of emission were much higher in the light than in the dark. However, when emissions from different trees were compared, the rates of H2S emission were entirely dependent on transpiration and, hence, on stomatal aperture. Therefore, it cannot be excluded that only light-independent processes contribute to the emission ofH2S in the absence ofexcess sulfur. The present finding that emissions in the dark from one tree can be higher than emissions in the light from another tree, provided transpiration is sufficiently high, supports this idea. The observation that only minute amounts of H2S may be released from the needles via the cuticle is consistent with recent experiments on the permeability of isolated cuticles to sulfur gases (K Lendzian, H Rennenberg, unpublished results). 
